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The Superior Conjunction of Mariner IV 

’ 1. Experiment and System Description 

The remarkable lifetime of the Mariner IV radio system, 
still operating 10 mo after the designed end of its mission, 

standard tracking stations. By the time of superior con- 
junction, and with the aid of the new 210-ft antenna, the 
power had decreased to only - 170 dbm. 

has providedus with a rare opportunity to probe the solar 
corona with an S-band radio signal. 

Mariner ZV’s orbit carried the spacecraft behind and 
slightly above the Sun, so that on March 26 the radio 
signals passed within 0.6 deg of the solar surface. 

Reception of the signals at this time was made un- 
usually difficult for three reasons: (1) Mariner ZV was 
over 200,000,000 mi from Earth; (2) the high-gain antenna 
was no longer pointed at Earth, so that the spacecraft had 
been commanded to transmit from the omnidirectional 
antenna; and (3)  the Sun is a powerful source of radio 
interference - if the receiving antenna were to be pointed 
directly at the Sun, the system noise level would increase 
over a hundred fold, 

Because of this weak signal and greatly increased noise, 
it was not possible to observe the signal in the normal 
manner. Instead, we used an adaptation of the techniques 
we have developed to study extremely weak planetary 
radar reflections. The basis of this technique is spectral 
analysis of the signal. That is, the power spectrum of the 
received waveform was measured. 

A signal, spectrally pure as possible when transmitted 
to the spacecraft, arrived spectrally impure at the space- 
craft receiver, because it passed through the solar corona. 
The transponder of Mariner IV maintained phase-lock 
with the signal and retransmitted it towards Earth. Of 
course, the transponder interacted with the signal and, 
perhaps, modified its spectrum. The return trip through 
the corona again increased the spectral width of the signal. 

The received signal power, at the time of encounter 
with Mars, was -156 dbm at the 85-ft antennas of the 

The returning signal was too weak to track with phase- 
lock methods, SO the receiver was automatically tuned 

JPL TECHNICAL REPORT 32-1092 1 



under ephemeris control. The ephemerides were calcu- 
lated in advance from the known orbits of Mariner ZV 
and the Earth. Automatic tuning served to remove the 
doppler shift from the signal so that it was centered in 
the passband of the receiver. 

The power spectrum of the signal was obtained by the 
autocorrelation approach. The autocorrelation function 
of the signal was measured with a small special-purpose 
computer, and the fourier transform was performed on a 
general purpose machine, yielding the power spectrum. 
The spectrograms, which constitute all the data of this 
experiment, were displayed on an x-y plotter by the 
computer. 

Figure 1 is a block diagram of the system, considerably 
simplified. The transmitter was located at the Venus 
station of the Goldstone tracking facility. The receiver was 
at the Mars station, over 14 mi away. Since the spectro- 
grams represent the information of the experiment, each 
of the components which might influence them have been 
identified. 

All of the reference frequencies of the system were 
derived from a primary rubidium frequency standard 
located at the Venus station. An output from this stan- 
dard was transmitted to the other station via a microwave 
link, where it was used to phase-lock the remote standard. 

. . . . . . .H-.-( TRANSPONDER ' ' ' ' ' ' ' 

MASER a 
TUNED 

OSCILLATOR 

REMOTE . . . . + . . . . 

MICROWAVE LINK - . . . .  

COMPUTER 

p - I  
PLOTTER 

Fig. 1. Block diagram of the experimental system 

2 

A test link was also provided, which included a tran- 
sponder similar to that on board Mariner ZV. The 
transponder provided the same frequency multiplication 
as Mariner ZV of 240/221. The test link was used to test 
the condition and stability of the entire system, except 
for certain parts of the ephemeris tuned oscillator, a nec- 
essary exception. Because the transponder had no ve- 
locity, it produced no frequency shift. 

* 

The next chapter contains a description of these critical 
components, so that their influence on the received spec- 
trograms may be understood. 

II. Critical Components 

A. Mariner IV Uplink Exciter and Transmitter 

The Mariner ZV uplink transmission system for the 
Sun occultation experiment consisted of a tunable, phase- 
locked voltage controlled oscillator (VCO) whose output 
frequency was harmonically multiplied to a nominal out- 
put frequency of 2115.7 MHz, amplified by a driver stage 
to a 3-w power level and then further amplified by a 
klystron amplifier to the 100-kw ( + S O  dbm) power level 
at the input to the antenna feed system. A block diagram 
of the system is shown in Fig. 2, and a picture of the 
amplifier klystron is shown in Fig. 3. 

Fig. 2 shows that the absolute frequency of the uplink 
transmission system is controlled by the 1-MHz input 
signal to the exciter from the central frequency synthe- 
sizer. This 1-MHz input signal is derived from an atomic 
resonance standard of the rubidium buffer gas cell type 
and thus is based upon A1 rather than UT2 time intervals, 
with a corresponding high degree of absolute accuracy. 

The power output of the uplink system is nominally 
100 kw ( + S O  dbm), supplied by a multicavity amplifier 
klystron. Operational monitoring of both forward and 
back power is done by means of carefully calibrated 
directional couplers feeding commercial microwave power 
meters of the double thermistor bridge type. Before and 
after each day's track, the transmitter was operated into 
a fluid calorimeter, consisting of a suitably cooled RF 
water load, instrumented to measure accurately input 
and output water temperatures, and water flow rate in 
gallons. The transmitter output power was raised until 
a nominal 100 kw was measured on the microwave power 
meter. The power being delivercd to the water load was 
then computed and compared with the indicated power. 
1Jsual agreement between the two instruments was 2 2  kw. 
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Fig. 2. Mariner IV uplink exciter and transmitter 

Fig. 3. Mariner IV Sun occultation uplink transmitter 
with covers removed 
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A detailed discussion of the errors associated with the 
water calorimeter may be found in SPS 37-31, Vol 111, 
pp. 33, 34, but nominal accuracy is within t3%. 

Possibly the most important transmitter parameter is 
output frequency (phase) stability, which is priiiiarily 
determined by the short term stability of the 1-MHz 
reference frequency, the loop noise bandwidth of the 
phase locked loop, the phase noise contributed by the 
multiplier chain and “phase pushing” in the amplifier 
klystron as a result of short term variations in beam volt- 
age. Of these possible sources of phase instability, the 

major contributor is the phase locked loop which con- 
trols the VCO frequency. Typical loop phase jitter is illus- 
trated in Fig. 4, a chart recording of the dynamic phase 
error (DPE) taken with a chart recorder at 20 m / s w  
chart speed. The recorder gain was adjusted to provide 
a convenient absolute phase scale, and occasional peaks 
of approximately 0.25 deg are seen. However, the rms 
value of the phase jitter is probably of more concern, 
and this was obtained by sampling DPE with an analog 
to digital (A/D) converter at a rate somewhat in excess 
of the Nyquist rate and then feeding the A/D converter 
output into a digital computer programmed to compute 

- 

. 

20 

7 10 
0 

0 0  
X 

U 

Q- - I O  

-20 

-30 
0 I 2 3 4 5 6 7 9 IO II 12 

TIME, sec 

Fig. 4. Ground transmitter VCO phase  jitter 

4 179.62 k 

Fig. 5. AAS multifrequency f eed  system configuration 
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rms values. For a 10-min sample period, the computed 
value of the rms phase jitter is 0.105 deg at the VCO 
output. Assuming that the other contributions to phase 
instability are negligible, the phase jitter at the final out- 
put frequency is found by multiplying the phase jitter 
at the VCO output by the number of times the frequency 
is multiplied, in this case 96 times. This yields an rms 
phase jitter at 2115.7 MHz of 10.08 deg. 

B. Antenna Feed 

The 210-ft antenna feed used during the Mariner ZV 
superior conjunction consists of the S-band Cassegrain 
microwave optics configuration, similar to that used dur- 
ing the 1962 Venus radar experiment (Ref. 1) and subse- 
quently used throughout the deep space instrumentation 
facility (DSIF) on all 85-ft reflectors. Focal lengths and 
subreflector diameters have been scaled by 2.500, yield- 
ing a 50-wavelength hyperboloid at S-band. Figure 5 
shows the configuration with the multifrequency feedcone 
installed. 

A block diagram of the multifrequency feedcone used is 
shown in Fig. 6. This feedcone is designed to provide two 
RF paths from the feedhorn to the maser. One path, not 
used during the solar occultation experiment, will allow 

BAND 
STOP 
FILTER 
(SPF) I 

BAND STOP1 
FILTER I 

I 

I 
I 

I SHORTED PORT I 
FUTURE 2100-2120 MHz I 

I 

FUTURE 2100-2120 MHz 1 * w T % ~  BYPASS SWITCH 

I T ( s T F )  

TRANSMITTER I 
LOAD L ---------_ -I 

AMBIENT TO PARAMP 

NOT USED IN SOLAR 
OCCULTATION EXPERIMENT 

- 1  

TO PARAMP 1 AYBOIEDNT 1 I TRANSMITTER I 
L ---------- -I 
NOT USED IN SOLAR 

OCCULTATION EXPERIMENT 

BYPASS SWITCH 

Fig. 6. Multifrequency feedcone Mariner IV superior 
conjunction configuration 

future diplexed operations with a receive system tempera- 
ture of approximately 40°K. The second path, used during 
the experiment, provides a listening capability with a 
receive system temperature of 27°K. 

The multifrequency feedcone uses a broadband dual 
mode horn (Ref. 2 and 3) and a recently developed broad- 
band circular polarizer and orthogonal mode transducer 
(Ref. 4). Figure 7 shows the broadband feed prior to instal- 
lation within the feedcone. Figure 8 shows 2295-MHz radi- 
ation pattern performance of the full scale broadband horn 
while Fig. 9 shows 2295-MHz scattered pattern perform- 
ance of a %th scale model of the advanced antenna system 
(AAS) hyperboloid and beamshaping flange. 

For the 2290 to 2300-MHz right hand circular polariza- 
tion (RCP) receive mode, measured feed ellipticity is 
0.10-db with the transducer LCP arm perfectly termi- 
nated. Referring to Fig. 6, the operating ellipticity is a 
function of SW2 position. A worse case exists when SW2 
terminates the LCP arm in a short circuit; under these 
conditions the effective discrimination performance for 
a one way propagation polarimeter is 24.6 to 26.6 db, 
depending upon path length, for a perfect spacecraft 
antenna ellipticity. 

Aperture efficiency and the associated gain of the 
210-ft reflector using the multifrequency feedcone at 2295 
MHz have been calculated (Ref. 5) and initially verified 
by comparison of radio source temperatures and compari- 
sons of the Mariner IV and Pioneer VI spacecraft signal 
levels with the standard DSIF 85-ft systems. Recently, the 
Surveyor I spacecraft was employed in a direct gain test 
of the 210-ft reflector (Ref. 6). The method of calculation 
begins with experimentally determined full scale primary 
feed radiation patterns (Fig. 8). These patterns are input to 
the JPL developed paraboloidal antenna efficiency pro- 
gram (Ref. 7j and are also input to the JPL devel- 
oped surface scattering computer program (Ref. 8). The 

Fig. 7. Broadband feed for multifrequency feedcone 
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Item 

Direct spillover to ground, 0.3% 

scattering program generates subreflector fields and has 
demonstrated outstanding agreement with experimentally 
determined subreflector amplitude and phase patterns, 
performed on a scale model basis (Fig. 9). The scattered 
patterns are then input to the e5ciency program a second 
time. Results of this procedure are summarized in Table 1. 
In Table 1, surface tolerance loss represents restricted 

Associated zenith antenna noise 
temperature, dog K 2295 MHz 

0.8 

Table 1. Calculated and measured aperture 
efficiency and gain 

Quodripod scattering to ground, 
80% opoque, isotropic 

Atmospheric and extra atmospheric 
noise' 

Item 

2.8 

6.0 

I 

Weighted mean 

Original specification' (0.25-in. rms 
Precision 1 operation) 

f61.81 +- 0.32 (20) 64.0 

60.7 

Quadripod scattering loss, 
-0.62 

Predicted total' +61.90 & 0.18(20) 
Meosured totalb -I-61.62 f 0.27 (20) 

Predicted total, feedhorn output 

Measured total, feedhorn output 

86.8 

~ 

9.6 

9.6 

98.4 

65.4 
61.3 

environmental conditions of low winds and thermal gradi- 
ents on the structure. The antenna gain, the weighted 
mean of the calculated and direct measured gain, is 
+61.81 k0.32 db, ( 2 ~ ) .  Table 2 shows calculated and 
measured antenna noise temperature at zenith. 

Far-field radiation patterns of the 210-ft reflector at 
2295 MHz have been obtained using the Surveyor Z space- 
craft (Ref. 9) and are shown in Figs. 10 and 11. The noise 
performance of the 210-ft reflector may be found in sub- 
section 1I.D of this report. 

Table 2. Calculated and measured antenna 
noise temperature 

I Losses I Negligible 

.Based on privote correspondence with Dr. D. C. Hogg of Bell Telephone Labore- 
toriei, Holmdel, New Jersey. 
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C. Maser System 

Recent advances in traveling wave maser (TWM) tech- 
nology as well as in closed cycle refrigerators (CCR) are 
reflected in the system recently installed in the listening 
cone at the advanced antenna system. 

The TWM is electronically tunable over a 125-MHz 
band, from 2,275 to 2,400 MHz; at least 35 db gain is 
available over the band. The pump klystron, at present, 
needs to be changed, for best results, in going from the 
lower frequency end to the higher. 

Precision machining of the comb structure as well as 
improvement in the quality of the ruby have contributed 
to the versatility of the new TWM. Magnetic field stag- 
gering is also used to increase the bandwidth of the 
TWM. 

The center conductor of the input coax has been con- 
ductively cooled to a point midway between the TWM 
and the ambient temperature input flange. This has re- 
duced the TWM noise temperature to 7 +0.5OK. 

The CCR also represents a technical achievement. The 
new refrigerator consists of an A. D. Little paramp cooler 
(Model 340 L), which has been modified to a 4.3OK 
machine by the addition of a Joule-Thompson expansion 
stage. One watt of refrigeration is available for cooling 
the TWM. Cool-down time is approximately 7 hr without 
the use of liquid nitrogen precooling, and may be reduced 
to 3% hr by the use of liquid nitrogen. 

Details of both the TWM and CCR are reported in 
Ref. 10. 

D. System Temperature 

1. Znstrumentation description and quiescent perform- 
ance characteristics. The RF instrumentation for the Mars 
station 210-ft antenna multifrequency feedcone provides 
for remote measurements of system effective noise temper- 
atures, waveguide reflection coefficients, and maser gain. 
Provision is also made for antenna gain, radio source flux 
density and AGC curve calibrations. 

The complete block diagram of the multifrequency feed- 
cone is discussed in Ref. 11. A simplified block diagram of 
the RF instrumentation is shown in Fig. 12. The instru- 
mentation racks installed in the alidade control room are 

Fig. 13. RF instrumentation racks installed in 
alidade control room 

shown in Fig. 13. Figures 14 and 15 show the cone 
interior. 

Maser gain is measured by comparing a CW signal 
from the signal generator which is switched first in front 
and then behind the maser. Reflectometer measurements 
are made by comparing the CW signal injected into the 
maser and into the load under evaluation, respectively. 
The side arm of the 26-db waveguide coupler at the 
maser input is provided with a waveguide-to-coax tran- 
sition with a built-in isolator and tuning screws (MMC 
Model SR 8126) to match up the reflectometer. 

Noise instrumentation is provided by switching in 
waveguide between the antenna and the cryogenic loads 
and by two gas tube noise sources of approximately 37O 
and 4 O K .  For long term stability, the noise box is mounted 
separately from the maser with a waveguide run to per- 
mit removal for maintenance or other reasons without 
disturbing the noise instrumentation or reflectometer. 

The liquid nitrogen load assembly (Model SR8135) 
was manufactured for JPL by the Maury Microwave 
Corporation. Design details are discussed in Ref. 12. 

The waveguide ambient load assembly is equipped 
with a digital temperature readout having an absolute 
accuracy of approximately 0.1OC. The temperature sens- 
ing thermometer is imbedded in a copper heat sink, which 
surrounds the terminating element for the ambient load. 

JPL TECHNICAL REPORT 32- 1092 11 



Fig. 14. lower section of cone interior 

The heat sink is also thermally connected to the wave- 
guide walls. The ambient load waveguide was filled with 
polystyrene foam to prevent gas convection in the wave- 
guide system from causing erroneous ambient load tem- 
perature readings. 

2. Znsertion loss calibrations. Reflection coefficient and 
insertion loss measurements were made for the critical 
interconnecting transmission lines shown in Fig. 16. Both 
the DC potentiometc>r (Ref. 13) and the AC ratio (Ref. 14) 
insertion loss test sets were used for the insertion loss 
measurements. Photographs of the maser input and horn 
output reference flanges may be secn in Figs. 14 and 15, 
respectively. 

Parameter measurements for the cone transmission 
lines are summarized in Table 3. The probable errors 
( P E )  in the tables represent the bcst estimate of the total 
probablc crror duc. to varioris possible soiirccs (Ref. 15): 
(1) insertion loss equipment; (2) mismatch; (3) reflection 
coefficient measurement; and (4) measurement dispersion. 
It is assumed that the errors are random and vary inde- 
pendently. 

Fig. 15. Upper section of cone interior 

3. Noise temperature calibrations. Prior to installation 
of the multifrequency feedcone on the 210-ft diameter an- 
tenna, noise temperature calibrations, and prclirninary R F  
cone instrumentation checkout tests were made at JPL on 
the roof of Building 238. The measurement techniques and 
error analysis are reported in Ref. 16. An overall measured 
average of 6.2 *0.l0K was found for the cone zenith 
antenna temperature, as defin-ed at the antenna refer- 
ence flangc (Fig. 16). 

After the calibrations at JPL, the multifrequency feed- 
cone was shipped to the Mars station at Goldstone and 
installed on the 210-ft antenna. To check the stability of 
the antenna and receiver noise temperatures over a period 
of time, calibration was performed weekly. The weekly 
calibration, which required the liquid nitrogen cooled 
waveguide load assembly, depended on the Y-factor 
measurement technique. These calibrations determined: 
(1) receiver noise temperature and probable error; (2) an- 
tenna noise temperature and probable error; (3) system 
noise temperature; (4) gas tube excess noise tempera- 
tures; and (5) follow-up receiver noise temperature. The 
noise temperatures are calculated for both maser input 
and antenna output reference flange cases. 
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Table 3. Calculated and measured transmission line parameters 
of AAS multifrequency feedcone 

1 
Moser I Liquid nitrogen 

input Ref. lood Ref. 
flange 0 flange @ 

input1output Attonuation Dirsipativo loss 
f lange VSWRl +pE lnlll kpE A fpE, db A,, +pE, db 

Froquency, 
MHz (Fig. 15) 

1.02 1 0.0104 0.0627 0.0622 
f0.002 fO.0010 f 0.0007 f 0.0007 

1.022 0.0 109 0.0876 0.0871 O f 0  -I 0.002 fO.OO1O f 0.0007 f 0.0007 

2295 @/@I 

2388 

Par( A. Antonna transmission lines 

I 
I 

011 O n  
I 

I 
I 
I 

I i 
Maser Antenna 

input Ref. output Ref. 
f l o n g e a  flange @ 

Fmquency, 
MHr 

Dissipativo 
A,, f PE, I db 

A f P E , d b  VSWRl f P E  I IoII(+P€ I I inpu'/output 
f lange 

(Fig. IS) 

1.077 
kO.011 

2295 01 Q 
Via upper 
orthomode 

0.0372 0.1761 0. I701 
fO.0050 f0.0023 f0.0028 

1 .OS8 0.0282 0.1371 0.1336 
kO.011 I k0.0050 I f0.0023 I f0.0026 Via lower 

orthomode 

2388 

2 295 

Part B. Liquid nltrogon load l ino 

1.109 0.05 19 0.1724 0.1 607 
kO.011 f 0.0050 f 0.0036 f 0.0042 

1.063 0.0306 0.1496 0.1456 
f 0.01 1 k 0.0050 f0.0015 f 0.0020 

01 @ 

01 Q 

Via upper 
orthomode 

Via lower 
orthomode 

I r L = o  
F 

I 
o !  

I 
n n  n n  1 0  

.The terma attonuation and dissipative loaa are defined in R d .  17. 

bMwaunmonta of rdloction wofficiont and attbnuation war. made with the anhnno line in the iinmr polorization 
configuration. This linmr polarization configuration was producod by rotating tho quartor w v e  phaaing section 
45 do@ from the normal circular polorimtion poaition. 

IPL T€CHNICAL RWORT 32-1092 



Table 3. (contd) 

Frequency, 
MHz 

~~ ~ ~~~ 

Part C. Ambient load line 

Input/output 
flange VSWRi +PE I ut* I +PE Attenuation A Dirripativo lor' 

(Pig. IS) AD 

ro=o rz 
--? 

I 

I 

I 
I 

- 
I 

Maser 

Noire SOUI(O 

Antenna via lower 
orthomode 

& Ambient 

Avemgo noise 

9.6 k O . l  Antenna output 

Maser input 19.1 20.1 

Re'emnce flange tempemwm PE, OK 

AD = 10logt0 [w] 

~ ~~ 

Receiver Maser input 

input Ref. lood Ref. 
flange@ flange@ 

8.2 k0.2 

High gar tube 

low gar tube 

0 . ~ ~ 5 7  I See footnote' I See footnote" 
1.032 

*0.002 * 0.001 2295 

Maser input 37.4 kO.5 

Maser input 4.3 +O.l 

1.035 * 0.002 
0.0172 

k 0.001 I see footnote' I See footnote' 
~~ 

CThese mwsunmenh were not required. For noise temperature calculations, the ambient load line i s  essentially at 
the same physical tempemtun as the ambient load. 

Based on the data taken on days 87,94, and 98 (GMT, 
1966), the overall average noise temperature values for the 
advanced antenna system (AAS) using the multifrequency 
feedcone are listed in Table 4. The probable error of 
each average includes only relative measurement precision 
errors. A detailed description of the techniques and data 
reduction are given in Ref. 16. 

The receiving system noise temperature performance 
was evaluated on a daily basis during routine pre- and 
post-calibrations from March 17 to April 12, 1966. The 
measurement technique consisted of switching the wave- 
guide switch S3 between the antenna, pointed at zenith, 
and the ambient load. Waveguide switch S1 was left in 

I FOIIOW-UP receiver 
contribution I Maser input 0.6 

position A through the lower waveguide run to the mode 
transducer, providing right-hand circular polarization. The 
AIL attenuator was adjusted to give the same noise 
level on the recorder when switched between the antenna 
and ambient load. Measurement data also include the 
follow-up receiver noise temperature, maser gain and 
reflectometer measurements of the ambient load and 
antenna. A computer program has been written to sim- 
plify data reduction. The daily maser gain and reflec- 
tometer readings (defined as the difFerence between a 
signal applied at the maser input and that reflected from 
the termination) of the waveguide ambient load and 
antenna are shown in Fig. 17. 

Although there appears to be some correlation between 
the reflectometer readings on the ambient load and an- 
tenna, indicating some systematic error in the measure- 
ments, the system is satisfactory for this application. 
Divergent reflectometer readings between the antenna 
and ambient load would indicate an unstable situation 
in either the ambient load or antenna. Correlated changes 
indicate problems in the reflectometer. The data reduc- 
tion is further described in Ref. 16. 

An error analysis of the daily system temperature tech- 
nique (Ref. 17) shows that an overall measurement prob- 
able error of less than 1% should be expected. 
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A plot of the daily zenith temperature measurements 
for the operational period is shown in Fig. 18. The aver- 
age of all these data points is (27.7 k0.4 PE) O K .  The 
probable error (Ref. 18) refers to the daily statistical vari- 
ation. The overall system temperature measurement accu- 
racy probable error PET,, for a daily calibration is 
typically 0.3OK. The average of the daily measurement 
errors PET,, ( M )  from the data sheets is 0.03OK. The 
actual statistical variation in the system temperature 
(0.4OK), which is considerably greater than the (0.03OK) 
daily resolution is probably an actual receiver tempera- 
ture change not necessarily due to the measurement sys- 
tem. The maser gain was not peaked each day in order 
to determine long term gain stability. It is shown (Ref. 15) 
that the maser temperature is somewhat sensitive to 
tuning. 

4. Operational system temperature. In contrast to the 
occultation effects upon the Mariner ZV signal, the prox- 
imity of the Sun to the antenna beam (to within approxi- 
mately 0.8 deg or 6 beamwidths) caused significant 
increases in system noise temperature. This temperature 
was monitored by the usual instrumentgtion techniques 
at roughly 1 hr intervals through the observation period, 
March 17 through April 12, both as a reference for auto- 
correlator signal-to-noise ratio data concurrently ob- 
tained, and as independent data. System temperature 
also was used during the experiment to iduence the 
choice of operating time during a given day. (Much of 
the period was restricted to half-day operation due to 

other commitments of the antenna, then in final stages 
of completion and initial shakedown.) Typical plots of 
one day data are given in Figure 19. 

Solar flux contribution to system noise temperature is 
complicated by the ground antenna radiation pattern in 
the (e, 4) space. Fig. 20 shows the coordinate system with 
LSEP (Sun-Earth-Probe) equal to 8. Although the feed 
radiation patterns of the 210-ft system are very highly 
rotationally symmetric, the presence of the quadripod 
feed support members introduces secondary radiation 
pattern +. dependence. Figure 21 shows the 210-ft reflec- 
tor with the 30-deg quadripod geometry employed. 

PROBE 

SUN 
\r 

Fig. 20. Coordinate system 

Y 

Fig. 19. Typical temperature calibrations 
for sample days 

-QUA DRl POD 
STRUCTURE 

Fig. 21. Mars station reflector with 30-deg 
quadripod geometry 
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Figure 22 shows a composite of all receive system 
noise temperature measurements made with the 210-ft 
system pointed at the Mariner ZV probe as a function 
of SEP, for the period March 17 to April 12. During this 
time SEP closed from 1.6 deg to a minimum of 0.8 deg 
and out to a maximum of 1.8 deg. Also shown in Fig. 22 
are three predictions of receive system noise temperature. 
The first represents a pre-experiment estimate intended 
to place an upper bound. The second and third predic- 
tions are based on experimental far-field radiation pat- 
terns obtained using the Goldstone Venus 30-ft modeled 
reflector. This reflector includes a very accurately scaled 
model of the prototype quadripod. 

Solar flux contribution to system noise temperature is 
given by 

where 
T = Solar flux contribution, OK 

S = Total solar flux density, 1 X lo-"' w/m'/"z 1 

(Ref. 19) I 
k = Boltznann constant, 1.38G3 X lez3 w/"K/Hz I 

A, = Sidelobe effective aperture, mz. 

Side lobe effective aperture for the extended solar 
source (mean angular diameter of 0.533 deg) was obtained 
by numerical integration of the scale model radiation pat- 
terns. On-axis effective aperture was taken to be +61.9 
db/isotropic for a point source. Two radiation patterns 
were considered independently, as though each pattern 
were rotationally symmetric; the elevation plane pat- 
tern (+ = 0 deg) and a plane normal to one of the quad- 
ripod members (+ = 60 deg). These planes represent 
minima and maxima, respectively, for sidelobe effective 
aperture. Fig. 22 suggests a region in the (e,+) space in 
the neighborhood of e = 0.8 des, where the sidelobe 
effective aperture is approximately 5 db less than in the 
+ = 0-deg plane, while minimum measured system tem- 
peratures in the region 1.0 < 6' < 1.8 deg are within ap- 
proximately 1 db of predictions. 

1 s  
2 k  

T = - - A  

61 1 1 I I I I I 
PRE-EXPERIMENT'ESTIMATE 
PREDICTED; 4 = 60 deg 

A brief study of the entire set of data points (approxi- 
mately 140) revealed that significant variations occurred 
not only on a day-to-day basis but also during a given 
day, as shown above. The first step in data reduction was 
to plot daily temperature minima as a function of operat- 
ing day. This curve appears as Fig. 23. The fact that 
operating time during a given day did not always include 

IO 2n ' 0 0.30 0.60 0.90 1.20 1.50 1.80 2.10 

SUN-EARTH-PROBE ANGLE, deg 

Fig. 22. Composite of all receive-system noise temper- 
ature measurements made with the antenna 

pointed at  the Mariner IV probe 

I30 

110 

90 
Y 
0 

k 
70 

50 

3c 

MARCH APRIL 

Fig. 23. System noise temperature (daily minima 

for Fig. 24 
on Mariner IV).  AT normalizing factor 
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-120 -60 0 60 I20 180 

4, deg 

Fig. 24. Normalized system noise temperature 

March 17 and April 4, 1966 
measurement on Mariner IV between 

a true minimum is evident in the missing data points; 
however, enough were available to plot the curve shown. 

This SEP (polar) dependence of the data can be re- 
moved for further data analysis by a daily normalization. 
Normalization was accomplished by adding to each day’s 
temperature data the difference from Fig. 23 between 
the daily minimum and the maximum (midoccultation) 
minimum. This normalization is such that all data may 
now be considered as having been collected on March 28. 
The angular dependence of the data around the principal 

DSS 
station 

11 
42 
41 
51 
12 
61 

Location 

Goldstone Pioneer, California 
Canberra, Australia 
Woomera, Australia 
Johannesburg, South Africa 
Goldstone Echo, California 
Madrid, Spain 

axis of the antenna beam was then established as follows. 
The spacecraft to Sun vector, as viewed from the antenna, 
rotates around the beam (pointing) axis with respect to a 
fixed reference on the dish. This angular variation is 
evidenced by the familiar movement of the quadripod 
shadow upon the face of the reflector. This is the angle 4 
defined in Fig. 21. 

Normalized data are presented in Fig. 24 as a function 
of the spin angle +. The three prominent peaks, occurring 
at approximately -60, +60 and + 120 deg, confirm first 
order side lobes 90 deg removed from the quadripod 
legs (Fig. 21). Figure 25, when overlaid on Fig. 24, 
provides a cross reference of 4 to time-of-day and date. 
The absence of a fourth symmetrical side lobe (at -120 
deg) is due to the geometry of the spacecraft trajectory. 

This normalized curve serves to provide reference tem- 
peratures in reducing the data obtained with the auto- 
correlator by allowing interpolation and extrapolation to 
points not recorded during the experiment. Further, in- 
terpretation with respect to antenna pattern must include 
consideration of the fine sidelobe structure in the (e,+) 
space. That is, the solar diameter of approximately 
0.53 deg results in an averaging effect over more than 
one sidelobe in (e,+). 

E. Ephemeris 

1. Tracking data. The spacecraft ephemeris used dur- 
ing the solar occultation experiment is based on orbit 
determination from two-way coherent phase-locked dop- 
pler data taken between July 17, 1965 and September 
30, 1965. The tracking pattern from the various stations 
is as follows: 

Beginning 
date 

7/19/65 
7/17/65 
8/20/65 
7/17/65 
8/04/65 
8/03/65 

Ending 
date 

7/27/65 
8/17/65 
9/12/65 
7/28/65 
9/30/65 
9/30/65 

Number of 
compressed 

600-sec 
points 

15 
79 

211 
19 

293 
462 
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Fig. 25. Time vs conversion for normalized system 
noise temperature chart 

No doppler data were obtained after October 1. It 
had been planned to update the orbit estimate with the 
Goldstone spectral plot data. However, the large spectral 
broadening of the signal masked any orbit errors which 
may have been present. 

=! 

a 
g IO 

I I  

Encounter data and pre-encounter data were not in- 
cluded in the orbit fit because of the inability of the single 
precision orbit program to adequately model all the phys- 
ical parameters involved in such a solution. The effects of 
some of these, such as the astronomical unit and the solar 
radiation pressure, are highly correlated. Other param- 
eters, such as the Mars-Earth ephemerides, are not ac- 
curately known; unfortunately, the orbit program version 
used is not capable of solving for these latter quantities. 

I I I  

2. Orbit estimate. The comparatively small amount of 
postencounter data does not allow a strong solution for 
the astronomical unit or for small forces. For this reason 
the astronomical unit (149,597,500 km), which best fits the 
Mariner IV doppler tracking data near Mars encounter 
was used. The spacecraft reflectivity coefficient y = 0.19, 
from prc-encounter tracking, was adopted, where the 

20 

solar radiation force is given by 

where 

A = the effective area of the spacecraft exposed to the 
Sun 

R = the Sun-probe distance 

The orbit estimate is based on a weighted least-squares 
fit of the previously mentioned data with the JPL single 
precision orbit determination program.2 Perturbations 
from all major planets, with the exception of Uranus, 
Neptune, and Pluto, are included. The solution consists 
of the determination of the geocentric position and veloc- 
ity of the probe in true-of-date equatorial rectangular 
coordinates, 

x ,  y, z ,  i ,  Y, 5, 

and the geocentric station coordinates, 

ri  = the geocentric radius of the ith station, 

ei  = the geocentric longitude of the ith station, for DSS 
stations 11, 42, 41, 51, 12, and 61. These parameters were 
as follows: 

Parameter Value 

- 215952520.0 
- 33355757.0 
- 14082417.0 

- 1.1254.923 
- 25693.434 
- 10080.637 

6372.0325 

6371.7108 

6372.6 173 

6375.5133 

6371.8842 

6369.9353 

243.15072 

148.98138 

136.88759 

27.68551 

243.19456 

355.751 10 

Standard 
leviation 

380.0 
$34.0 
598.0 

0.062 
0.252 
0.617 
0.0198 
0.00038 
0.0458 
0.00033 
0.01538 
0.00027 
0.0196 
0.00035 
0.0248 
0.00025 
0.0185 
0.00027 

*M. R. Warner and M. W. Nead, SPODP -Single Precision Orbit 
Determination Program, JPL Technical Memorandum No. 33-204, 
February 15, 1965. 
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The probe position and velocity, mapped to March 1, 
1966, Oh UT, are as follows: 

x,km 
Y, km 
z,km 
f ,  m/sec 
Q, m/sec 
i ,  m/sec 

Standard I deviation 
Value 1 (March 1,1966, Oh UT) Parameter 

323301780.0 
- 9077767.0 
-31115780.0 

12634.654 
50951.929 
21267.782 

339.0 
2889.0 
4724.0 

0.235 
0.127 
0.457 

3. Ephemeris. Figure 26 is a sample of the Goldstone 
Mars station (DSS 14) spacecraft ephemeris generated by 
the ODP for March 20, 1966. The station centered quan- 
tities are: 

Time = hour, minute, second of GMT 

R = spacecraft slant range, km 

DR = spacecraft slant range rate, km/sec 

EL = elevation angle of the probe, deg 

AZ = azimuth angle of the probe, deg 

Dec = equatorial declination of the spacecraft, deg 

HA = equatorial hour angle of the spacecraft, deg 

C1 = doppler shift of signal received from probe 
beacon plus 1 MHz, Hz 

CC3 = two-way doppler shift plus 1 MHz, Hz 

4. Error sources. On March 1,1966 the geocentric range 
vector lay near the x direction. The mapped-out range-rate 
uncertainty is accordingly approximately 0.24 m/sec or 
4 Hz S-band, l-a on that date. Errors resulting from un- 
certainties in the solar radiation pressure should be com- 
paratively small. Telemetry on May 21, 1966 indicated 
3.22 lb of attitude control gas remaining compared with 
4.08 lb on October 1, 1965 and 5.18 lb at launch (Novem- 
ber 28, 1964). Thus, 3.7 X lb/day was the gas con- 
sumption rate between October 1,1965 and May 21,1966. 

F. Ephemeris Tuned Oscillator System 

1. Introduction. The ephemeris tuned oscillator (ETO) 
was developed to obtain improved performance and in- 

creased flexibility over previously developed programmed 
oscillators (Kef. 20). The system was also intended as an 
initial attempt to control and monitor the operation of 
electronic equipment by computer. 

The primary feature of interest in the Mariner ZV Sun 
occultation experiment is the spectra of the received sig- 
nals. The signal frequency, of course, is altered by the 
doppler shift. Mariner IV had a diurnal doppler shift of 
over 14 kHz, and an orbital shift many times larger. 

In order to obtain faithful spectra, ephemeris tuning of 
the receiver must be very precise. Any fluctuations, or 
phase jitter, of the E T 0  serve to degrade the quality of 
the spectra. 

2. Description of operation. The E T 0  system shown 
in Fig. 27 controls and distributes the output frequency of 
a Hewlett-Packard (H-P) 5100A/5110A frequency syn- 
thesizer. A Scientific Data Systems (SDS) 920 Computer 
and integrated circuit logic provide remote, programmed 
control of the synthesizer. A rubidium vapor frequency 
standard is the reference for the system. 

The H-P frequency synthesizer can provide frequencies 
from 0 5 0  MHz in 0.01 Hz steps. The nominal output fre- 
quency is selected by local pushbutton control or by re- 
mote programming. Variations about the nominal output 
frequency are accomplished by digitally controlling a 
search oscillator in the 10-Hz decade. A more detailed 
explanation of the H-P synthesizer operation is given in 
Ref. 21. 

The most significant digits of the output frequency are 
set by computer control of the decade switches. A sepa- 
rate manual control is maintained for test purposes. 

Fine frequency tuning of the synthesizer is controlled 
by remotely controlling the search oscillator. This is done 
by the digital-to-analog (D/A) converter followed by an 
integrating amplifier (Fig. 27). The output of the inte- 
grator is sufficiently noise-free to obtain a search oscillator 
resolution of one part in 200,000 (Ref. 19). Binary inputs 
into the D/A converter represent a rate at which the 
search oscillator is to change. The range of the D/A con- 
verter is *lo00 increments. Each increment causes a 
frequency sweep of 5 Hz/sec in the search oscillator range 
of 3 to 4 MHz. At the synthesizer output this represents a 
rate capability of up to 0.5 Hz/sec in increments of 0.5 
rn Hz/sec. 
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Fig. 26. Sample of DSS 14 spacecraft ephemeris 
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The exact frequency of the search oscillator is deter- 
mined by a counter. A register in the counter continuously 
counts the frequency of the search oscillator. At periodic 
intervals of 1 sec, the computer can read the instantaneous 
count of this register. Average frequency is computed by 
taking the difference between the present and past counter 

t 

S-band 
Units Performance Search Synthesizer 

Required by 
experiment Actual characteristic oscillator output 

deg-rmc Phase noise, 281. = 3Hr - 0.05 3.2' 

Fig. 28. E T 0  installation 

""""""'1 

L 

reading. The computer arithmetic is such that even when 
the counter recycles through zero, a correct difference can 
be obtained. 

The sync function permits the computer to synchronize 
the timing logic to within 2 psec of the leading edge of the 
1-sec station time tick. 

The control program for the ET0 accomplishes the 

(1) Accepts data in the form of polynomial constants for 

following: 

the evaluation of the received frequency. 

(2)  Determines the receiver frequency and translates it 
into E T 0  requirements once a second. 

(3) Tunes the E T 0  to the required frequency and 
controls the E T 0  to track the required frequency. 

(4) Provides communication between the E T 0  system 
and the operator to determine proper operation and 
signal any malfunction, real or apparent, without 
interrupting the operation of the ETO. 

An outline of the control program is given in Ref. 22. 

3. Performance characteristics. A photograph of the 
system, as installed in the Mars station alidade control 
room, appears in Fig. 28. The performance of the system 
is summarized in Table 5. The statistics apply to the 

Table 5. E T 0  performance characteristics 

for complete view time 

I I 
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Mariner IV Sun occultation experiment. The search oscil- 
lator was used in the 10-Hz column so that its effect on 
the synthesizer output is reduced by a factor of lo4. The 
ET0 output frequency was multiplied by 64 to obtain 
the receiver S-band frequency. 

The contribution of the E T 0  to overall system phase 
noise was measured in a strong signal phase-locked loop 
at 35 MHz with a double-sided noise bandwidth of 3 Hz. 
The worst case situation exists when the computer is 
maintaining the search oscillator at a constant frequency. 
Under these conditions the phase noise was measured to 
be 0.05 deg rms. When multiplied to S-band, this phase 
noise represents 3.2 deg rms. This is not appreciably worse 
than when the search oscillator is not used. Therefore, the 
digital control of the E T 0  does not increase the system 
phase noise. 

The ability of the digital logic to control the output fre- 
quency is determined by making a histogram of the fre- 
quency deviation of the search oscillator. The histogram 

r" 
-8  -6 - 4  -2 

- 
334 

- 
106 

- 
0 

appears in Fig. 29. The standard deviation of this graph 
is less than Im mHz, or a stability of better than 1 part in 
1011 at 35 MHz for a 1-sec averaging time. This represents 
a standard deviation of 0.02 Hz at an S-band frequency of 
2300 MHz. 

The nonzero mean of the histogram is caused by a resid- 
ual offset in the D/A converter. With the present method 
of frequency control this represents a limit to the accuracy 
of setting the output frequency of the ETO. This accuracy 
represents 1 part in loll. 

The line width of the ET0 is that of the H-P synthesizer. 
This has been measured at X-band (Ref. 23) and corre- 
sponds to a -6-db line width of 0.53 Hz at S-band. 

The E T 0  was able to provide the doppler rates and the 
doppler coverage necessary for the Sun occultation experi- 
ment. The single limitation is the range of continuous 
doppler coverage. With the search oscillator in the tens of 
hertz column, the range of continuous doppler coverage 

M E A N  = 0.172 mHz 
u = 0.272 mHz 

I-sec AVERAGES 
TOTAL NO. OF COUNTS = 3596 
TRACKING RATE = 5 mHz/sec 

- 
385 

- 
272 

4 

FREQUENCY DEVIATION, HZ X 

Fig. 29. Histogram of E T 0  frequency stability 
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Fig. 30. 2295- to 50-MHz converter: 
(a) exterior; (b) interior 
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Fig. 31. 50-MHz to 1050-Hz converter: 
(a) exterior; (b) interior 

JPL TECHNICAL REPORT 32- I092 

~- 



is 100 hz. The minimum time for switching is 5 sec with 
an absolute maximum switching time of 105 sec. The aver- 
age switching time is approximately 10 sec. For nonco- 
herent spectrum analysis this switching time is small 
compared to total integration time. 

G. Receiver 

s 

Initial planning for postencounter tracking of Mariner ZV 
at the Goldstone Mars station included modification of the 
Goldstone duplicate standard receiver for use with an 
ephemeris tuned local oscillator (ETO) for open-loop tun- 
ing and an autocorrelator for signal processing. These 
changes were to consist of: 

(1) Cabling to allow injection of 70-MHz E T 0  output 
into the standard X 32 frequency multiplier; 

(2) Provision for a special ~ 1 2  frequency multiplier to 
supply a stable 60-MHz second local oscillator (to be 
derived from the 5-MHz output of the frequency 
and timing subsystem; and 

(3) Addition of a stable third local oscillator (commer- 
cial synthesizer), balanced mixer, and special IF 
amplifier to provide an output to the autocorrelator. 

When it became apparent that the station implementation 
schedule would not provide a standard receiver until late 
spring of 1966, an experimental receiver for this purpose 
was decided upon instead. Figures 30-32 are views of the 
antenna-mounted and control room equipment. The block 
diagram is presented in Fig. 33. The “cone area” portion 
of the block diagram follows that of the conventional 
tracking receiver block diagram. The first and second local 
oscillator frequency multipliers and third mixer were spe- 
cia1 designs for this application, while the third local oscil- 
lator and excitation for the test transmitter were provided 
by commercial frequency synthesizers, chosen primarily 
for their flexibility in output frequency. A major portion 
of the signal gain was provided by means of a variable 
gain, narrow band (500 Hz) 455-kHz IF amplifier as used 
in the planetary radar receiver. Finally, the output video 
amplifier was used solely to isolate 60 Hz interference in 

. 

Fig. 32, S-band experimental receiver: (a) exterior; (b) interior 
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Fig. 35. Nine-channel autocorrelator 

the interface with the microwave link. The resulting gain 
distribution is shown in Fig. 34. 

Additionally, a 1-MHz clean-up loop and distribution 
system were utilized in connectioii with the niicrowa\.c 
link from Venus station to establish a common frequency 
reference with the transmitter and correlator (refer to 
subscction 11. J. in this report). The receiving system, a s  
described above, was installed and initially trstcd in thc 
“3A’ cone adapter and alidade control room, and wa5 u s c d  
in thc antcnna calibration and Sun occultation activitiw 
conimcmcing March 16, 1966. 

H. Spectrum Analyzer 

The equipment uscd to obtain the power spectrum of 
the received Mariner IV signal was the nine-channel auto- 
correlator, shown in Fig. 35, and an SDS 930 computer. 

30 

First, the autocorrelation function coefficients of the signal 
are accumulated in real time within the autocorrelator. 
After an accumulation time of up to several hours, the 
computer reads out these coefficients and by means of the 
Fourier transformation computes the power spectrum. 

- 

The nine-channel autocorrelator has two modes of oper- 
ation. One mode provides nine separate channels, each 
containing storage for 51 autocorrelation lag points. Used 
in this mode, the autocorrelator has the capability of mea- 
suring the spectra of nine independent signals. In the 
second mode of operation, which was used in this occulta- 
tion experiment, the nine channels are cascaded to form 
a single channel autocorrelator with 459 lag points. 

Figure 36 is a block diagram of the nine-channel auto- 
correlator. Control of the autocorrelator by the computer 
is accomplished by means of a series of binary coded com- 
puter commands. These commands are decoded by the 
command decoder logic from which they are routed to 
either the autocorrelation control and output logic, the 
digital-to-analog (D/A) converter, or the pen-control logic. 
Commands to the autocorrelation control and output logic 
perform such functions as starting and stopping correla- 
tion, and outputting the accumulator storage one bit at a 
time simultaneously from each of the nine channels. 

Each channel contains a recirculating delay line storage 
for 50 autocorrelation (lag) points plus the lag point for 
zero argument. Each lag point occupies 20 bits of binary 
storage, which provides a count capacity of 1.05 million 
samples. Fifty lag points allow the derived power spec- 
trum to be resolvable to one-fiftieth of the total system 
band-pass. In the cascaded mode of operation, the maxi- 
mum resolution is the system bandwidth divided by 459. 

The timing and sampling logic provide accurate timing 
pulses for the correlator logic and for sampling of the 
input signal. High accuracy is obtained by tying the logic 
to an atomic standard by means of a 1-MHz reference 
signal. 

Plotting of the computed power spectrum curve is 
accomplished by means of computer commands to the 
D, A converter and pen-control logic. The D/A converter 
provides position information for both the x and y axes of 
the X-Y recorder, and the pen-control logic permits the 
computer to raise or lower the X-Y recording pen on the 
recording paper. Further details of the nine-channel auto- 
correlator may be found in Ref. 24. Table 6 summarizes 
the correlator capability and lists the constants used in the 
experiment. The filter entry refers to a plug-in band pass 
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Table 6. Autocorrelator constants 

Sampling rate 

Maximum Minimum 
Para meter 

Experiment 

One way I Two way 

Sampling rate, somples/sec 

Sampling period, /i sec 

Autocorrelator bandwidth, Hz 

Filter bandwidth, Hz 

Maximum cascaded mode resolution, Hz 
Maximum integration time, hr 

filter within the channel used to limit received noise, 
prevent noise spectrum folding, and provide the overall 
receiver band pass characteristic. 

961.54 49.02 50.70 235.05 
1040 20400 17040 4240 
400.77 24.51 29.34 1 17.92 
- - 25 100 

1.05 0.053 0.064 0.26 
0.30 5.95 4.97 1.24 

1. Frequency Standard 

The choice of a frequency reference standard for the 
experiment employed the same criteria (good short term 
and long term stability with high reliability) that resulted 
in the selection of the rubidium standards for the DSN. 
These units are described in Refs. 25 and 26. The stability 
data are reproduced in Table 7. 

Table 7. Stability data for rubidium vapor standards 

Averaging time I Stability of two units, HZ at S-band I 
50 msec + 5  x lo-11 f0.12 

500 msec k 2  X lo-" k0.05 

f0.5 X lo-'' f0.012 
-10.4 X lo-" f0.009 

40 min f 0.4 X lo-" 0.009 
0 min 

Table 7 shows that, for the round trip and integration 
times used in this experiment, the error in frequency 
measurement due to the frequency reference standard 
amounts to only t9 mHz. Moreover, these two standards 
operated almost continually for nearly 3.5 yr with only 
one failure per unit. The frequency standards operate with 
frequencies nominally based on the A1 time scale. 

Since the most recent data on Mariner IV, i.e. the 
monthly measurements of frequency used one of these 
standards at the Venus station, the data for setting the 
required frequencies at the exciter (Venus station) and 
receiver (Mars station) were based on that standard, 
and that standard was used during the experiment. The 
reference frequency was sent from the Venus station to 
the Mars station via the microwave link and filtered by 
means of a narrow-band clean-up loop for use as the fre- 

quency standard for the Mars station to eliminate any 
errors from long term drift which might occur using two 
separate standards. 

The second standard was installed in the frequency 
time standard at the Mars station during this experiment 
for use in case of failure either of the operating standard 
at the Venus station or of the microwave link. This second 
standard was adjusted to within 1 X lo-" of the frequency 
of the operating standard by means of the doppler extrac- 
ting hardware. This standby unit was not required during 
the experiment. 

J. Microwave link 

A microwave link was established to facilitate com- 
munications and data handling between the Mars station 
and the other Goldstone tracking stations. 

This link consists of two paths-Venus to Echo, and 
Echo to Mars-and was first used to furnish a coherent 
reference frequency between the Venus and Mars stations 
for the Mariner occultation experiment. Before the Echo- 
to-Mars microwave link was completed, preliminary 
investigations were made on the existing Venus-to-Echo 
link. As originally installed, the Venus-to-Echo path suf- 
fered severe phase transients caused by automobile inter- 
ference. This path was changed, and the problem of traffic 
modulation was eliminated. However, tests indicate that 
a 1-MHz signal can have 0.1-deg peak-to-peak phase tran- 
sients caused by wind modulation. Figure 37 shows the 
test setup to measure both wind and traffic modulation. 

The terminal microwave equipment used on the Venus- 
to-Echo path (P,, = 100 mw, vacuum tube receiver) was 
investigated to determine methods of minimizing phase 
noise. The drive level into the transmitter modulator was 
found to be critical. Too much drive causes the reflex 
klystron to generate noise, and too little signal reduces 
the signal-to-noise ratio. Further, there is less noise when 
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Fig. 38. Test setup to measure receiver jitter a s  a function of 1 -MHz reference source 
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Fig. 39. Jitter on dynamic phase error of receiver a s  a 
function of 1 -MHz clean-up loop bandwidth 

the relay point is connected so that the receiver drives the 
transmitter directly than when the de-emphasis and pre- 
emphasis circuits that are part of the microwave system 
are used. 

The complete path was investigated and connected as 
shown in Fig. 38. The bandwidth of the 1-MHz cleanup 
loop was optimized by observing the dynamic phase error 
(DPE) of the receiver (when the receiver was locked to a 
local test transmitter). The results of this test (Fig. 39) 
indicate that a 2BL of 0.25 Hz or less will allow the Venus 
1-MHz rubidium frequency standard to be used with 
no degradation to the Mars-receive system. The 1-MHz 
cleanup loop is presently operating with a design 2BL of 
0.032 Hz. 

The 100-mw equipment used in the present microwave 
link between Venus and Echo has no automatic frequency 
control (AFC) on the transmitter. The resultant circuit 
outages have created a reliability problem. This problem 
has apparently been eliminated in the new, solid state, 
l-w equipment used between Echo and Mars. Added 
flexibility is available in the new equipment since it has a 
6%-MHz bandwidth, in contrast to the 41/$-MHz band- 
width of the 100-mw system. 

111. Experimental Procedure and Data 

The superior conjunction of Mariner IV occurred while 
the 210-ft antenna was being constructed. However, be- 
cause of the splendid cooperation of the Rohr Company, 
it was possible to perform the experiment in spite of this 
difficulty. The observations were “interleaved with finish- 
ing work on the main azimuth bearing. Consequently, less 
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than half of each view period was available for gathering 
data. Sometimes this was the first half, while work was 
being done on west sections of the bearing. When east 
sections needed attention, Mariner ZV was observed dur- 
ing the lowering part of the pass. Sometimes, of course, 
this interleaving was not possible and data were iosi. 
Altogether, data were taken during 15 different days. 

Two separate experiments were performed each day, 
time and construction work permitting. The first mode 
was one-way operation. That is, the ground transmitter was 
switched off and Mariner ZV transmitted from its free- 
running crystal oscillator. This signal passed through the 
solar corona once, and the resulting spectrogram shows 
the amount of spectral broadening induced upon the 
signal by the corona. For eleven days, starting on the day 
of closest angular approach to the Sun, one-way spectro- 
grams were obtained. These are reproduced here as 
Figs. 40 through 50. The frequency scale is the same for 
each, t14.7 Hz full scale. Zero frequency corresponds 

to the doppler shift of the known orbit of Mariner N. 
Some extra noise, caused by the system bandpass not ex- 
tending into this region, is to be seen on the leiEt,edge of 
these spectrograms and should be disregarded. 

The integration time for these spectrograms varied from 
30 min to 1 hr, with 45 min being typical. The fluctuations 
on the spectrograms show the random noise, which is still 
left after such integration. The frequency resolution of 
these spectrograms is 0.245 Hz. That is, if a perfect sinus- 
oid were observed, the resulting spectrum would be 
0.245 Hz wide at the half power points. This is more 
resolution than needed for most of the spectra; less res- 
olution would result in smaller noise fluctuations. 

As can be seen from these data, the spacecraft oscillator 
was subject to an unpredictable component of frequency 
drift. Any such drift, during the integration time, is effec- 
tive in broadening the spectrum of the signal. TO deter- 
mine the extent of this effect, six spectrograms were taken 

0 

FREQUENCY, Hz 

Fig. 40. March 27, 1966 one-way spectrogram 

0 I I  

FREQUENCY, Hz 

Fig. 41. March 28, 1966 one-way spectrogram 
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Fig. 42. March 29, 1966 one-way spectrogram 
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Fig. 43. March 30, 1966 one-way spectrogram 
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Fig. 44. March 31, 1966 one-way spectrogram 
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Fig. 45. April 1 , 1966 one-way spectrogram 

35 



0 

FREQUENCY, Hz 

Fig. 46. April 3, 1966 one-way spectrogram 
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Fig. 47. April 4, 1966 one-way spectrogram 
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Fig. 48. April 5, 1966 one-way spectrogram 
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Fig. 49. April 6,1966 one-way spectrogram 
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Fig. 50. April 7,1966 one-way spectrogram 

May 3, when the Mariner IV transmission path was far 
from the solar corona. These spectrograms are reproduced 
as Figs. 51 and 52. They were taken under essentially the 
same conditions as the first set and can help calibrate 
the effect of oscillator drift on the spectral widths of the 
signals. 

The second type of measurement was two-way spectra. 
In this mode of operation, the spacecraft transmitter was 
phase-locked to the ground transmitter. To achieve this 
up-link lock, the ground transmitter was tuned very slowly 
past the calculated frequency of the spacecraft receiver. 

The slow tuning, plus the 30-min time-of-flight, used up 
much of the precious available time. In order to use the 
time efficiently, one-way spectral measurements were 
made during the tuning process. 

The two-way operation removed the troublesome drift 
in the spacecraft transmitter, but substituted another form 
of uncertainty in its place. The signal received by the 
spacecraft had passed through the solar corona, and con- 
sequently was spectrally broadened similar to the spectro- 
grams of Figs. 40 through 50. The spacecraft could track 
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Fig. 51. First set of one-way spectrograms, May 3, 1966 
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Fig. 52. Second set of one-way spectrograms, May 3, 1966 
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any phase variations of the signal, but none of the ampli- 
tude variations. Of course, the “mix” of amplitude and 
phase fluctuations generated by the corona is not known. 

The reradiated signals passed through the corona a 
second time and were reccrded as spectrograms. In aII, 
seventeen two-way spectrograms were taken. They are 
reproduced here as Figs. 53 through 69. These spectro- 
grams cover 118 Hz full scale and have a frequency reso- 
lution of 0.984 Hz. The increased scale of the spectrograms 
was needed to accommodate the much greater spectral 
width of the two-way signals. Integration time for these 
observations was, again, approximately 45 min. 

The observed spectral broadening can be attributed not 
only to two trips through the solar corona but also to one 
trip through the spacecraft. Additional spectral broaden- 
ing is also caused by any inaccuracies of ephemeris tuning 
and instabilities of the oscillators of the system. 

I - 

A passive link test was designed to test for system 
instabilities. For this test, the ground transmitter was 
beamed to the receiver via three passive reflectors which 
were placed on local peaks between the two stations. The 
third reflector contained a transponder similar to the one 
carried on board M a r i w r  IV. This was necessary in order 
to obtain the same frequency multiplication, 240/221. 

- 59 0 59 

FREQUENCY, Hz 

Fig. 53. March 26, 1966 two-way spectrogram 

, 
I 

- 59 0 59 

FREQUENCY, Hz 
I 

Fig. 54. March 27,1966 two way spectrogram 
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FREQUENCY, Hz 

Fig. 55. March 28, 1966 two-way Spectrogram 
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Fig. 56. March 29, 1966 two-way spectrogram 
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Fig. 57. March 31, 1966 two-way spectrogram 
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Fig. 58. April 3, 1966 two-way spectrogram (first transmission) 
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Fig. 59. April 3, 1966 two-way spectrogram (second transmission) 
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Fig. 60. April 3, 1966 two-way spectrogram (third transmission) 
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Fig. 61. April 4, 1966 two-way spectrogram 
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Fig. 62. April 5, 1966 two-way spectrogram 

JPL TECHNICAL REPORT 32- 1092 

, . 



I 
0 59- -59 

FREQUENCY, Hz 

Fig. 63. April 6, 1966 two-way spectrogram 
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Fig. 64. April 7, 1966 two-way spectrogram 
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Fig. 65. April 8, 1966 two-way spectrogram 
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Fig. 66. April 1 1, 1966 two-way spectrogram 
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Fig. 67. April 12, 1966 two-way spectrogram (first transmission) 



. 

I 
-59 0 59 

I 

JPL TECHNICAL REPORT 32-1092 47 



48 

Fig. 69. April 12, 1966 two-way spectrogram (third transmission) 
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Figure 70 is the resulting spectrogram. The frequency 
scale is the same as for the one-way spectrograms, but the 
resolution is increased to 0.128 Hz. This spectrogram 
demonstrates that the frequency jitter of the entire sys- 
tem, exclusive of the ephemeris tuning, was less than 
0.28 Hz. 

A further test was made June 5, when the Mariner ZV 
link was far from the influence of the Sun. On that day, 
a two-way spectrogram was made under essentially the 
same conditions as before, This spectrogram, Fig. 71, has 
the same frequency scale and resolution as the passive 
link test. It shows a combined spectral broadening, caused 
by the entire system including ephemeris tuning and 
spacecraft interaction, of only 0.32 Hz. Thus, essentially 
all of the broadening of the one-way and the two-way 
spectra may be attributed to the effects of the solar corona 
and Mariner ZV. 

IV. Additional Experiment 

B. B. Lusignan (Ref. 27) predicted theoretically that 
relativistic electrons in the solar wind could alter the 

polarization ellipse of an electromagnetic wave passing 
through. It was noted3 that this phenomenon could cause 
significant loss of signal if circular polarization were em- 
ployed in the Mariner ZV S-band telemetry link. Although 
the phenomenon was predicted to have a negligible effect 
on the Mariner ZV S-band communication system (Ref. 28), 
the suggestion of using the precision instrumentation of 
the NASA-JPL deep space network to attempt to identify 
the predicted phenomena was followed. 

From January 19 through July 28 measurements were 
made to determine the ratio of right hand circularly 
polarized (RCP) to left hand circularly polarized (LCP) 
signal received at the Goldstone Pioneer station. This was 
accomplished by measuring the calibrated automatic gain 
control (AGC) voltage in the normal matched mode (RCP) 
then switching the receiver input to the mismatched (LCP) 
port of the antenna and again measuring the AGC volt- 
age. On all occasions the signal level measured in the LCP 
mode was at least 17 db below the RCP mode or else 
below the receiver threshold. The LCP signal measured 

3Letter from V. R. Eshleman to J. Clark, November 15, 1963. 
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Fig. 70. March 27, 1966 passive link test 
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Fig. 71. June 5, 1966 two-way spectrogram 
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could be completely accounted €or by the combination of 
ellipticity of the spacecraft antenna and the 0.5-db ellip- 
ticity of the receiving antenna. 

On April 1, 1966, as Mariner IV was approximately 
327.7 gigameters from the Earth, the angle formed be- 
tween the center of the Sun, the Earth, and the probe 
was only 1.05 deg. The spacecraft was tracked using the 
210-ft antenna and the programmed local oscillator re- 
ceiver. The LCP signal was below the threshold of detect- 
ability, which was estimated to be 10 db below the 
matched RCP mode. Figure 72(a) shows the spectrum of 
the RCP signal integrated for a total of 30 min. A band- 
width of 25 Hz was employed, and the receiver was tuned 
with a programmed local oscillator. Figure 72(b) shows 
the spectrum of the LCP signal integrated for a period 
of 77 min. There is no apparent signal present in the LCP 
case, and it appears that one would have been detected 
had it been no more than 10 db less than the RCP signal. 

Cross-polarized feed-through of the ortho-mode trans- 
ducer and the ellipticity of the 210-ft feed system should 
have given a spurious cross-polarized signal of no more 
than 25.6 db down from the matched circular mode. 

Adding this to the cross-polarized signal from the space- 
craft omnidirectional antenna, which had an ellipticity of 
2.3 db, the total cross-polarized signal at the observed 
orientation angle, ignoring the medium, should be be- 
tween 14.6 and 21.8 db down from the RCP mode, which 
would be below the detection threshold. 

In the April 1 experiment the RCP signal was located 
and observed in a 400-Hz bandwidth. The bandpass was 
then narrowed to 25 Hz and the signal was sought on 
RCP and LCP. The spacecraft was transmitting on its 
auxiliary oscillator. The oscillator might have drifted in 
frequency, but, based on data taken during the rest of 
the solar occultation measurements, this seems unlikely. 
As a check, the last 18 min of the view period were used 
to measure LCP in the 100-Hz filter. No signal was detect- 
able in either the 25- or 100-Hz filter for LCP. 

The anisotropic nature of the solar wind can be ex- 
plained by considering the effect of two linearly polarized 
waves propagating in a direction normal to the velocity 
vector of a relativistic electron, Ref. (27). One wave is 
polarized perpendicular as to the velocity vector and the 

I I I 
-11 0 I I  

FREQUENCY, Hz 

Fig. 72. Mariner IV depolarization measurements: (a1 spectrum of the RCP signal; (b) spectrum of the LCP signal 
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other parallel. The accelerations produced by the per- 
pendicularly polarized wave on the electron make the 
electron’s mass appear to be simply its rest mass. The mass 
seen by the wave polarized parallel to the velocity vector, 
however, is modified by a relativistic correction. The elec- 
tron will, therefore, have an elliptical rather than circular 
oscillation superimposed on its linear velocity. This will 
result in a circularly polarized signal giving rise to the 
opposite sense of circular polarization. 

Lusignan‘ derived the following expression for the 
relative phase shift in radians between the perpendicular 
linear modes (into which circular polarization can be 
divided) 

wherc 

D = the distance 

w = the wave angular frequency 

w,, = the angular plasma angular frequency and is pro- 
portional to the square root of electron density 

c = the velocity of light 

,b’ = the electron velocity radial from the Sun divided 
by the velocity of light. It is assumed that ,8 < < c 

Q = the angle between the electron velocity vector and 
the wave front. 

Assuming that all electrons arc streaming radially from 
the Sun at the sanic velocity as the protons, then we can 
use the 500 km/sec value obtained by Mariner ll.5 We 
can use a value of S clcctrons/cm: at a distance of 1 AU 
and assume an inversc square law for the electron spatial 
distribution. Since both the angle 0 and electron density 
change, it will be necessary to integrate the phase change 
along the ray path 

and 

W; = 3.19 X 10” N ,  where N is electrons/cm:’ 

/ N cos‘ OdD 
3.19 X 10:’ (1.67 X 10-3)2 

47 X 2.295 X lo9 X 3 X 10’” ‘IJ 

+11 = 1.028 X N cos2 OdD J 
*B. H.  Lusignan, private comniiinication. 
‘M. Neitgelxiilc,r ;ind C. W. Snyder, Mariner ZZ Obseroations of the 
Solar Wind, I. Avcruge Propcwies, to be published. 

Converting the unit of length to astronomical units (AU) 
and the angles to degrees 

, 

+p = 8.65 X [ N cos2 OdD 
J 

where r is the distance for the center of the Sun in AU 

E R D a 
Earth I \ 

C 

The range and angles subtended -y Mariner IV were 
computed by D. Tito.” 

let 

a = point of closest approach to the Sun 

A = line between center of Sun c and a 

p = point along ray path 

D = distance between a and p 

r = distance between c and p 

(-1 = i pca 

then and D = AtanO 

+p = 8.74 X lo-“ TCOS’ OdD 
/ 8  

cos* 0 
7 +a = 6.92 X 10’ s dD 

D = AtanO 

Ad0 
dD=- cos’ 0 

cos’ 8 - +p = 6.92 X lo-’ 1 A 

and for the case of April 1, A = 0.02 AU. 

‘D. Tito, “Mariner ZV Solar Corona Equipment - Trajectory Related 
Information,” 312.4-323, unpublished memo, November 3, 1965. 
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Let us integrate from the Earth to the spacecraft 

< Eca = 88.95 deg = 1.552 rad 
-1 .552  

+p = 3.46 [ cos2 Ode 
J1.552 

= 3.46 [%e + ?4 sin' 

= 5.4 deg 

To correct the phase shift to the ratio of RCP to LCP 

[I + tan($) + 451' RCP 
- Lcp - 26.5 db 

1 - tan ($) + 45 

which would be well below detectability. It is pointed out 
by Lusignan that we may assume either that the velocity 
and number of protons are equal to the velocity and num- 
ber of electrons, as above, or we may assume, as an upper 
limit, that electron and proton energies and currents are 
equal so that the stream effects are proportional to Nfi; 
and N is proportional to 1/p, so that the stream effects 
are proportional to p. If we set proton and electron ener- 
gies equal, then p = 0.085, and the previous value of 
p = 0.00167 gives a ratio of 50 for a total phase shift 
of approximately 275 deg, which would be a case where 
the energy has been completely converted to LCP and 
has gone slightly more than halfway back to RCP. In 
this case, RCP and LCP would be approximately the same 
magnitude. 

The solar wind has been assumed to be the sole cause 
of the depolarization, and the solar corona influence has 
been found to be negligible, because of the low j? values 
in the corona at four solar radii. 

V. Conclusions 

The path of Mariner IV passed within 0.9 deg of the 
center of the Sun just after superior conjunction. Figure 73 
shows this path, relative to the Sun, in projection upon 
the celestial sphere. Figure 74 is the elongation angular 
distance from the Sun of Mariner IV as a function of time. 
It can be seen that the region of the corona examined by 
this experiment lies roughly between 1 and 2 deg from the 
center of the Sun. 

All of the relevant information contained in each of 
the spectrograms can be reduced to a single quantity, the 
bandwidth of the signal. Spectral broadening is thus our 
primary observable result of passing a monochromatic 
signal through the solar corona. 

1.21 

-0.4 I I I I I 
-2.0 -1.6 -1.2 -0.8 -0.4 

RIGHT ASCENSION, deg 

Fig. 73. Mariner IV solar passage 
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Fig. 74. Sun-Earth-probe angle as a function of time 

We have defined bandwidth as the width of an equiv- 
alent rectangle, of the same height and area as the mea- 
sured curves. This is a convenient method of obtaining 
bandwidth, which avoids the problem of defining a band 
edge on these noisy spectrograms. The bandwidths SO 

defined have been plotted in Figs. 75 and 76 as a function 
of angular distance from the Sun. Figure 75 contains the 
one-way data, Fig. 76, the two-way. These figures are 
plotted to the same scale and reveal an apparent incon- 
sistency in the data: the two-way bandwidths are more 
than twice as great as the one-way bandwidths. 

This difference might be attributed to the action of the 
Mariner IV transponder. However, for the reasons which 
follow, this explanation is not satisfactory. Since the 
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Fig. 75. One-way bandwidth as a function of angular 
distance from the Sun 
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Fig. 76. Two-way bandwidth as a function of angular 
distance from the Sun 

band width of the transponder phase-locked loop was 
>'200 Hz, much wider than the one-way spectra, the loop 
would track the phase variations easily. Thus, the trans- 
ponder would faithfully return the same phase modula- 
tion it received. 

Of course, the one-way signals may experience more 
modulation than just phase fluctuations. In the limit of 
traversing a very turbulent medium, the signal would 
resemble narrow-band gaussian noise. Such noise may 
be thought of as random phase modulation with occasional 
deep fades. The transponder would then follow the phase 
variations, and would drift quiescently during the fades. 

TO verify these possibilities, the Mariner transponder 
was tested with signals having random phase and random 
amplitude modulation. The test signals were generated 
with spectra closely resembling those measured from 
Mariner IV. In fact, the received spectra differed in no 
essential way from the test signals, demonstrating that 

Mariner IV did not produce the observed additional 
spectral broadening. 

, 

The geometry of the one-way and two-way situations 
was quite symmetric. That is, the Sun-Muriner IV distance 
was almost equal to the Sun-Earth distance. One a s p -  * 

metry must be noted, however, which may help explain 
the asymmetry in the results. And that is, the transmitting 
antenna was 85 f t  in diameter, producing a beamwidth of 
0.35 deg; and the receiving antenna was 210 ft with a 
beamwidth of 0.14 deg. 

Suppose that the observed spectral broadening was 
caused by either multipath transmission or diffraction 
through that extent of the corona which was illuminated 
by the radio waves. Then the up-link broadening would 
be 2.5 times that of the down-link, and the two-way effect 
would be 3.5 times the one-way effect. 

Figure 77 is a plot of the two-way bandwidths super- 
posed on the X 3.5 one-way bandwidths. As can be seen, 
the agreement is excellent. Certainly, it is within the noisi- 
ness of the data. 

Our assumption of the underlying causes of the spectral 
broadening thus removes the apparent inconsistency of 
our data. However, this assumption runs into difficulty 
from another quarter. From the bandwidths observed, it 
is possible to calculate the velocity of this assumed dif- 
fracting medium. These calculations result in velocities 
perpendicular to the line of sight of only a few hundred 
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Fig. 77. Two-way bandwidths superimposed 
on X3.5 one-way bandwidths 
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meters per second-much too slow to be accommodated 
by the existing knowledge of the solar corona. : 

The spectrograms reproduced in the data section reveal 
an important fact relative to communications with our 

a deep space probes. It was not possible either to transmit 
effective commands to, nor receive telemetry from, 
Mariner ZV when it was within 2 deg of the Sun. The 

1 
i ‘  

coherency required by the design of Mariner N was not 
maintained through the corona. Should a deep space 
mission ever require communications through the corona, 
it will be necessary to design a different system. Perhaps 
frequency-shift-keying could be used, with a frequency 
spacing greater than the measured spectral broadening. 
In any event, the data contained in this report will aid in 
the design of such a system. 
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